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ABSTRACT 
Simulations of fluid flow in oil/gas shale rocks are challenging in 
part due to the heterogeneous pore sizes ranging from a few na-
nometers to a few micrometers. Additionally, the complex fluid-
solid interaction occurring physically and chemically must be cap-
tured with high resolution. To address these challenges while min-
imizing computational cost, we present a GPU code that has imple-
mented a many-body dissipative particle dynamics (mDPD) model 
for multiphase flow in shale. Realistic nano- to micro-pore channels 
in shale are constructed from 3D high-resolution stack images. In 
our benchmark tests, the code delivers nearly perfect weak and 
strong scalings on up to 512 K20X GPUs on Oak Ridge National 
Laboratory (ORNL) Titan supercomputer. Moreover, single-GPU 
benchmarks on the DGX-1 (V100/no NVLink), ORNL’s Sum-
mitDev (P100/NVLink 1.0) and Summit (V100/NVLink 2.0) sug-
gest that the latest Host-to-Device NVLink can significantly boost 
overall performance, in addition to the Device-to-Device NVLink. 
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1 Background 
Shales contain most of the world’s oil and gas resources on Earth. 
However, only a small fraction of the resources, most of which are 
contained in kerogen-hosted pores (Fig. 1), can be recovered. Un-
like conventional reservoirs in which oil and gas transport can be 
described by continuum models based on the Navier-Stokes (N-S) 
equations [1], fluid flow in nano-/micro-porous shale is strongly 
affected by thermal fluctuation and molecular diffusion near fluid-
fluid and fluid-solid interfaces (Fig. 2). For a better understanding 

of how fluids flow in shale, a mDPD based mesoscale model is em-
ployed for single- and multi-phase flow simulation in realistic shale 
pore geometries [2]. In order to predict critical materials properties 
such as permeability and relative permeability in representative 3D 
domains, flow simulations must be conducted in sufficiently large 
nano-/micro-porous systems, which may require 108 ~ 109 particles 
and 107 ~ 108 timesteps. Efficient HPC strategies such as GPUs are 
highly encouraged for accelerated computing. 

 

Figure 1: Example of complex constituents in a shale sample. 

 

Figure 2: Comparison of fluid-fluid and fluid-solid interfaces in 
a 100-nm pore (left) and in a 2-nm pore (right). 

2 Approach 
USERMESO is a massively-parallel, hybrid CPU/GPU code for DPD 
particle flow and transport simulations. The code structure aligns 
with that of LAMMPS[3] and is thus as customizable as LAMMPS. 
Version 1.0 of the code was developed by Tang et. al. [4] with key 
features such as 1) an atomics-free warp-synchronous neighbor list 
construction algorithm, 2) a 2-level particle reordering scheme 
which aligns with the cell list lattice boundaries for generating 
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strictly monotonic neighbor list, 3) overlapping pairwise force eval-
uation with halo exchange using CUDA streams for hiding com-
munication and kernel launch latency, and 4) radix sort with GPU 
stream support. Blumers et al. [5] extended the code in version 2.0 
by implementing and optimizing a red blood cell transport model. 

To address the computational challenges and capability gap out-
lined in Section 1, we present a GPU implementation of the mDPD 
model (with codename USERMESO 2.5). In mDPD[6], the conserva-
tive force 𝐅"#$  is expressed as sum of a long-range attractive force 
that is density-independent, and a short-range repulsive force that 
depends on a weighted average of the local particle density 𝜌̅", i.e.,  

𝐅"#$ = 𝐴"#𝑤$*𝑟"#,𝐫."# + 𝐵"#*𝜌̅" + 𝜌̅#,𝑤1(𝑟"#)𝐫."#         (1) 

Compared with the standard DPD, mDPD requires an additional 
data transfer between devices and hosts to update 𝜌̅" for every time 
step. A no-slip boundary condition for pore channels with arbitrar-
ily complex geometries [7] is also implemented in USERMESO 2.5 
to prevent fluid particles from penetrating pore surfaces. Realistic 
nano-/micro-pore channels are constructed from 3D stack images, 
which are obtained through focused ion beam scanning electron mi-
croscope (FIB-SEM) with 2.5-nm unit pixel resolution. Fig. 3 illus-
trates a workflow for 3D digital imaging to simulations of shale oil 
recovery in a region of interest through pressurized flooding, where 
fluid-permeability characterization can be conducted. 

 

Figure 3: From 3D digital imaging to porous flow simulations. 

2 Result 
Preliminary benchmarks, e.g. performance tests, strong- and weak-
scaling of pore-network flow were conducted using HPC resources 
at ORNL, INL and IBM. For simplicity, we benchmarked our code 
for a  body force-driven flow in a domain with periodic boundaries 
and uniform pore distribution and. The pore network is represented 
by the space (narrowest gap = 4 nm) between the circles (14 nm in 
diameter), which symbolize the wall of the porous channel. A no-
slip boundary condition is prescribed at the wall surfaces, which 
prevents fluid particles from penetrating the walls. Our tests show 
that USERMESO 2.5 delivers nearly perfect strong- and weak-scal-
ings up to 512 K20X GPUs on ORNL’s Titan, shown in Fig. 4. For 
a direct translation of performance to modern GPUs, single-GPU 
benchmarks were also performed with different generations of ac-
celerators, and the result is shown in Fig. 5. It is found that the per-
formance is significantly boosted when CPU is connected to GPU 
via NVLink, as the case on ORNL’s SummitDev and Summit. 
Lastly, we show in Fig. 6 that the speedup brought by NVLink is 
evident from inspecting the breakdown of walltime of a single-
GPU simulation on GPU related tasks. On DGX-1 (V100) with no 
NVLink, transfers take up 53% of GPU related walltime. On Sum-
mitDev with Host-to-Device NVLink1, transfers only take 24%. 

When both V100 and NVLink2 are available, walltime on GPU re-
lated tasks is further shortened. 

 
Figure 4: Strong- and weak-scaling. USERMESO 2.5 delivers 
nearly perfect scaling on up to 512 GPUs on ORNL’s Titan. For 
the strong-scaling, the system size is kept at 2.1 million parti-
cles; whereas, for the weak-scaling, the system size is fixed at 1 
million particles per node. 

 
Figure 5: Single-GPU performance comparison of different 
generations of NVIDIA GPUs. We found that Host-to-Device 
NVLink can significantly boost performance, as the case on 
ORNL’s SummitDev and Summit.  

 
Figure 6: Breakdown of walltime of a single-GPU simulation 
on GPU related tasks for DGX-1, SummitDev and Summit.  
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